Introduction
============

The preparation of synthetic host--guest systems based on the principles that govern molecular recognition in nature is one of the founding motivations of supramolecular chemistry. Synthetic host molecules are designed to define a more or less permanent concavity where a complementary smaller molecule is bound and isolated, giving rise to emerging properties in the fields of catalysis[@cit1] and sensing,[@cit2] among others. Self-folding cavitands are resorcin\[4\]arene derived hosts that are stabilized in their closed conformation thanks to an array of secondary amide hydrogen bonds that is reminiscent of the one defining secondary structure in proteins.[@cit3] The stabilizing hydrogen bond seam enables the isolation of highly reactive intermediates within the cavity, and the development of enzyme like catalysis with properly functionalized receptors.[@cit4] A limiting characteristic of resorcinarene-derived cavitands is their narrow binding space. In addition, these receptors have a strong preference for a relatively rigid pseudo-cylindrical conformation, which poses a limitation to accessing adaptable confined spaces.[@cit5] A distinct feature of biological receptors is their conformational flexibility, which allows them to adapt to guests of different sizes and shapes through induced fit or conformational selection phenomena. This is an essential trait for some biological functions (*e.g.* enzymatic catalysis)[@cit6] that is very difficult to introduce by design in artificial host--guest systems. Herein, we present a novel hydrogen-bond stabilized, yet conformationally flexible cavitand of expanded dimensions that binds coronene selectively over smaller polycyclic aromatic hydrocarbons (PAHs).[@cit7] PAHs are toxic compounds of environmental concern[@cit8] but also attractive materials for optoelectronic applications.[@cit9] Hence, the development of molecular receptors for such targets is a topic of interest for preparation, isolation, identification, and remediation studies.

Results and discussion
======================

To circumvent the constraints imposed by resorcin\[4\]arenes,[@cit10] we focused our attention on calix\[5\]arenes, a family of wider and inherently more flexible macrocycles.[@cit11] Calix\[5\]arene is the largest member of the calix\[*n*\]arene family with a preference for a cone conformer, which makes it a good starting scaffold to elaborate deep cavitand structures. We envisioned that secondary amides derived from a calix\[5\]arene pentacarboxylic acid could provide a sizable cavity stabilized through hydrogen bonds ([Fig. 1](#fig1){ref-type="fig"}). Because the carbonyl and NH groups of neighbouring amides are too distant to establish any interaction, an additional hydrogen bonding functionality is required, and preliminary modelling studies suggested that 8-amino-1-naphthol amides fulfilled this criterion. Initial forays on this matter revealed that calix\[5\]arene arylamides bearing free hydroxyl groups at the narrow (lower) rim were far too polar for solution studies in conventional non-hydrogen-bonding solvents, so we turned our attention to *O*-permethylated derivatives. Cavitand **1a** was prepared from known calix\[5\]arene pentaacid **2** (obtained in 5 steps from 4-*tert*-butylphenol)[@cit12] by coupling with 8-amino-1-naphthol (**3a**) *via* the corresponding acyl chloride ([Scheme 1](#sch1){ref-type="fig"}). Analogue **1b** lacking the phenolic function was obtained similarly.

![Different representations of self-folding cavitand **1a**.](c9sc03158h-f1){#fig1}

![Synthesis of cavitands **1a--b** and structure of model compound **4**.](c9sc03158h-s1){#sch1}

We first addressed the conformational behaviour of **1a** in solution by ^1^H NMR spectroscopy ([Fig. 2](#fig2){ref-type="fig"}). In CDCl~3~ and CD~2~Cl~2~ (solvents not competing for hydrogen bonding) the methylene groups of **1a** appear as a distinct AB system of diastereotopic protons ([Fig. 2](#fig2){ref-type="fig"}, H~a~/H~b~, *J* = 13 Hz) at 298 K, indicating that **1a** adopts a time averaged cone conformation that is kinetically stable in the NMR time scale at this temperature. In addition, two separate resonances are observed for the CH aromatic protons of the calix\[5\]arene base in CDCl~3~ ([Fig. 2](#fig2){ref-type="fig"}, H~c~/H~d~), revealing that slow rotation about the aryl--CO bond is also in operation. The existence of a cyclic network of hydrogen bonds is evidenced by the shifts of the NH and OH protons on the amidonaphthol moiety. The OH resonance in **1a** is significantly downfield shifted (Δ*δ* 3.86 ppm, *c* = 2.0 mM) with respect to an acyclic reference compound **4**, indicating that the OH groups in **1a** are hydrogen bonding intramolecularly to the neighbouring amide carbonyls. Moreover, a smaller albeit significant shift (Δ*δ* 0.82 ppm) is observed for the amide NHs with respect to **4**. This difference can be explained by the inductive effect of the adjacent OH group hydrogen bonding to the carbonyl of the next amidonaphthol panel. The temperature coefficients (Δ*δ*/Δ*T*) of the OH resonances are significantly larger for **4**, corroborating our hypothesis (Fig. S3/S4[‡](#fn2){ref-type="fn"}). In addition, the OH and NH resonances remain unaltered at various concentrations, ruling out the formation of hydrogen-bonded aggregates of **1a** (Fig. S2[‡](#fn2){ref-type="fn"}). Finally, the ^1^H NMR of reference calix\[5\]arene **1b** lacking the phenolic group displays a single resonance for the methylenic protons, indicating fast interconversion among its different conformers. Taken together, these data corroborate the establishment of an undisrupted cooperative array of hydrogen bonds along the cavitand\'s middle section that stabilizes a monomeric structure of time averaged *C*~5~ symmetry. Chirality is imparted by the directionality of amide groups forming the hydrogen bond seam, and thus **1a** exists as an even mixture of interconverting cycloenantiomers. The ^1^H NMR spectrum of **1a** in DMSO-*d*~6~ displays averaged *D*~5h~ symmetry, indicating that the hydrogen bond seam is disrupted by the solvent ([Fig. 2d](#fig2){ref-type="fig"}).

![^1^H NMR spectra (400 MHz, 298 K) of cavitand **1a** and reference compounds **1b**/**4**. (a) **1a**, CDCl~3~; (b) **4**, CDCl~3~; (c) **1b**, CDCl~3~; (d) **1a**, DMSO-*d*~6~.](c9sc03158h-f2){#fig2}

We gained additional insight on the conformational behaviour of **1a** from variable temperature and EXSY ^1^H NMR experiments in CDCl~3~. The broader peaks observed for protons H~c~/H~d~ with respect to H~a~/H~b~ suggested that rotation of the amidonaphthol panels and cone inversion occur on different time-scales. Indeed, upon cooling, the H~c~/H~d~ resonances of **1a** sharpen progressively, while complete coalescence is observed at temperatures above 325 K (Fig. S3[‡](#fn2){ref-type="fn"}). A series of 2D EXSY experiments revealed chemical exchange between each of these pairs of resonances, corroborating the existence of an equilibrium in slow exchange regime (Fig. S5/S6[‡](#fn2){ref-type="fn"}).[@cit13] Integration of the chemical exchange cross peaks allows the calculation of rate constants and the associated barriers (Δ*G*^‡^). In order to minimize the error of our measurements (see ESI[‡](#fn2){ref-type="fn"} for details), we calculated the barriers at different temperatures: 272.5 K for the panel rotation and 299.3 K for the (slower) cone flip motion. From these EXSY experiments, barriers of 15.1 ± 0.2 kcal mol^--1^ and ≥17.4 kcal mol^--1^ were calculated respectively. In addition, we performed line shape analysis for the coalescence of protons H~c~/H~d~ (Fig. S8[‡](#fn2){ref-type="fn"}). From the calculated activation parameters (Δ*H*^‡^ = 13.9 kcal mol^--1^, Δ*S*^‡^ = --3.7 cal K^--1^ mol^--1^), an activation barrier (Δ*G*^‡^) of 14.9 ± 0.3 kcal mol^--1^ is obtained at 272.5 K, which is in good agreement with the value obtained with the EXSY experiment. A barrier for panel rotation of 15.0 ± 0.3 kcal mol^--1^ is obtained at 299.3 K, the temperature used to calculate the cone flip barrier by EXSY experiments. We also calculated the exchange barriers in CD~2~Cl~2~ (Fig. S7[‡](#fn2){ref-type="fn"}), revealing essentially the same dynamic behaviour (13.9 ± 0.2 kcal mol^--1^ for panel rotation; 17.0 ± 0.2 kcal mol^--1^ for cone flip). Through the annulus inversion of the *O*-permethylated calix\[5\]arene base has an estimated barrier of ≤9.3 kcal mol^--1^,[@cit14] therefore, the hydrogen bond seam stabilizes cavitand **1a** by at least 8.1 kcal mol^--1^ in CDCl~3~. For comparison, the amide network of resorcin\[4\]arene derived self-folding cavitands provides a stabilizing effect towards conformational exchange of *ca.* 6 kcal mol^--1^ over a non-hydrogen-bonded congener.[@cit3a],[@cit5] [‖](#fn5){ref-type="fn"} [^5]

In order to probe the binding space within **1a**, we first assessed its size and shape computationally, employing DFT calculations and molecular dynamics (MD) simulations. A DFT minimization of **1a** converged to a flattened structure in which the naphthalene panels arrange through π--π stacking, albeit maintaining the cyclic hydrogen bond network in place (Fig. S15[‡](#fn2){ref-type="fn"}). A 1 μs MD simulation of **1a** in chloroform revealed a highly flexible container that can easily populate different irregular and oblong shaped structures, without disrupting the hydrogen bond network (see ESI[‡](#fn2){ref-type="fn"}). Rapid interconversion of these pinched cone conformers is in good agreement with the observation of a *C*~5~ averaged structure by ^1^H NMR. Panel flip and cone inversion motions are not sampled in the time frame of the MD simulation, in good agreement with the calculated barriers. Around three to four chloroform molecules can be accommodated in the shape shifting cavity. Overall, the preference for flattened shapes suggested that extended aromatic systems would properly fill the space, stabilizing the assembly through π--π stacking interactions. We therefore assessed, by ^1^H NMR spectroscopy, the binding of commercially available PAHs of varying sizes and shapes ([Fig. 3](#fig3){ref-type="fig"} and S9[‡](#fn2){ref-type="fn"}): phenanthrene (**G1**), pyrene (**G2**), fluoranthene (**G3**), triphenylene (**G4**), chrysene (**G5**), benzo\[*a*\]pyrene (**G6**), perylene (**G7**), and coronene (**G8**). Upon addition of increasing amounts of **G1--G7** to a solution of **1a** in CDCl~3~, no changes were observed in the ^1^H NMR resonances of **1a** or the guest ([Fig. 4](#fig4){ref-type="fig"}). This result indicates that no significant interaction occurs with the smaller PAHs. However, solutions of **1a** and coronene (**G8**) in CDCl~3~ or CD~2~Cl~2~ display significant shifts for the aromatic resonances of both species, indicating a stronger interaction. A series of ^1^H NMR titrations of **G8** with **1a** (Fig. S10/S11[‡](#fn2){ref-type="fn"}) revealed association constants of 362 ± 4 M^--1^ in CDCl~3~ and 444 ± 5 M^--1^ in CD~2~Cl~2~, after fitting to 1 : 1 binding isotherms.[@cit15][\*\*](#fn6){ref-type="fn"} [^6] Analogous titrations of **G8** with **1b** did not produce any significant shifts in the NMR signals of either component ([Fig. 4c](#fig4){ref-type="fig"}), indicating that hydrogen bond stabilization in **1a** is key to provide a stable host--guest system. Importantly, complex **G8**⊂**1a** was also detected in the gas phase by HRMS and MS/MS analysis (Fig. S14[‡](#fn2){ref-type="fn"}). Finally, we reasoned that the electron rich nature of the naphthalene panels in **1a** would be a better match for an electron deficient aromatic surface. We therefore tested *N*,*N*′-dimethylnaphthalenediimide (MeNDI, **G9**) as a guest. Significant shifts on the aromatic and methyl resonances were observed upon mixing with **1a**, and ^1^H NMR titrations (Fig. S12/S13[‡](#fn2){ref-type="fn"}) provided association constants of 309 ± 2 M^--1^ in CDCl~3~ and 299 ± 3 M^--1^ in CD~2~Cl~2~.[\*\*](#fn6){ref-type="fn"} Interestingly, **G7** is not taken in **1a** despite having a similar molecular volume ([Fig. 3](#fig3){ref-type="fig"}), indicating that electronic contributions may overcome size and shape considerations in binding events with receptor **1a**.[@cit7c],[@cit16] The binding of **G8** and **G9** is remarkable, given the highly competitive nature of CDCl~3~ and CD~2~Cl~2~ in this type of host--guest systems, and responds to an effective molecular recognition process, despite the seemingly moderate binding constants. An unusual feature of this system is that guest binding is in the fast exchange regime (in the NMR time scale), despite the slow unfolding kinetics of the cavitand. The dynamic features of the receptor do not change during the titration experiments (Fig. S10[‡](#fn2){ref-type="fn"}), suggesting that guest exchange takes place without cavitand unfolding, as opposed to what is observed with resorcin\[4\]arene derived cavitands.

![Structures of guests **G7--G9**. Solvent accessible surfaces with interpolated partial charges and their corresponding volumes are shown below.](c9sc03158h-f3){#fig3}

![Downfield region of the ^1^H NMR spectra (400 MHz, CDCl~3~) of receptors **1a**/**1b** before and after addition of guests **G7--G9**. Blue, green and red dots indicate resonances of **G8**, **G9** and **G7** respectively. (a) **1a**; (b) **1a** + **G8**; (c) **1b** + **G8**; (d) **G8**; (e) **1a** + **G9**; (f) **G9**; (g) **1a** + **G7**; (h) **G7**.](c9sc03158h-f4){#fig4}

We next characterized the productive host--guest complexes by DFT calculations and MD simulations ([Fig. 5](#fig5){ref-type="fig"}). The DFT optimized structure of complex **G8**⊂**1a** shows a snug fit between host and guest, with three naphthalene panels sandwiching the coronene structure through π--π stacking interactions. The two remaining panels are off register to complete the enclosure, leaving the circular hydrogen bond seam undisrupted. A 500 ns MD simulation of **G8**⊂**1a** shows an analogous yet dynamic picture (see ESI[‡](#fn2){ref-type="fn"}). The cavitand structure fluctuates among different flattened conformers without expelling the coronene guest in this time frame. These transitions are sharp, and occur in such a way that the hydrogen bond seam is not disrupted throughout the simulation. At any given time there are at least two alternating naphthalene panels of **1a** that stay parallel, acting as a clamp on **G8**. A similar scenario is observed in the MD simulation of **G9**⊂**1a**. The methyl groups in **G9** present a positively charged surface by virtue of the electron-withdrawing imide function, and are well positioned to engage in additional CH--π interactions with the two naphthalene moieties that seal the narrow edges of the cavity. In order to rationalize the selectivity for **G8** over smaller PAHs, we also optimized the structure of **G7**⊂**1a** (Fig. S16[‡](#fn2){ref-type="fn"}). Only two panels of the host remain parallel to **G7** in this structure, resulting in a poorer overlap between π systems than in **G8**⊂**1a**. Recent works on PAH receptors that operate on the basis of π--π stacking interactions report a linear relationship between log *K*~a~ and the number of π electrons of the guest.[@cit7a],[@cit7c],[@cit7d] About an order of magnitude difference between association constants is observed for **G7** and **G8** in those systems. If we extrapolate this behaviour to our system, we should expect binding constants of 40 M^--1^ or lower for perylene (**G7**). Based on the magnitudes of the observed shifts for the productive complexes, a constant of 40 M^--1^ would still be observable by NMR, so the absence of shifts for perylene resonances points towards a constant in the 1 M^--1^ range or below. Interestingly, guest departure is observed in a 500 ns MD simulation of **G7**⊂**1a** (see ESI[‡](#fn2){ref-type="fn"}). In good agreement with the dynamic features observed by ^1^H NMR, perylene (**G7**) is replaced by solvent molecules, and slides away from the cavity without unfolding, rotation of the naphthalene panels, or disruption of the hydrogen bond seam.

![(a) Side and top views of the DFT-optimized structure of complex **G8**⊂**1a** (B3LYP/6-31G(d)/GD3BJ), **G8** is shown in blue CPK representation. (b) Snapshots of a MD simulation (500 ns) of the same complex with naphthalene panels colour coded.](c9sc03158h-f5){#fig5}

Overall, the DFT and MD analyses reveal the dynamic nature of the host--guest binding and the ability of **1a** to adapt to the guest shape. This mode of binding is essentially undeveloped in the area of PAH receptors, which is dominated by rigid structures obtained by metal coordination assembly or covalent bridging of extended aromatic panels.[@cit7]

Conclusions
===========

In conclusion, we have developed a new conformationally flexible self-folding receptor based on calix\[5\]arene that is able to bind coronene selectively over smaller PAH congeners. The hydrogen bond stabilization of the host is essential for binding, and provides enough flexibility to adapt to hosts of smaller size if a guest with a complementary electron deficient π surface is used. This study showcases the potential of the calix\[5\]arene carboxamide scaffold for developing structured and adaptable receptors of increased dimensions. The combination of both polar and apolar regions in the deep cavity sets this host apart from previous examples, and may result in emerging properties for supramolecular catalysis.[@cit17] The key amide bond forming reaction presents ample opportunities for structural diversification, while different shapes could be accessed by lower rim stabilization of the calix\[5\]arene base.
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